Tree cavities are used for breeding and roosting by multiple animal species that vary in size from small bats to large raptors (Martin et al. 2004 , Aitken and Martin 2007 , Blanc and Walters 2008 , Gentry and Vierling 2008 , Bunnell 2013 ; Table S1 in Supporting Information). Quantifying cavityentrance size dimensions has implications for the management of cavity-using communities because cavity entrance size can limit accessibility by different cavity users, many of whom are sensitive species of management concern (Table S1 ). Although it is recognized that cavity entrance dimensions might be important for multiple species and communities, measuring tree cavity characteristics can be challenging because woodpeckers (Picidae), especially in the Pacific Northwest of the United States, often excavate nests in standing dead trees (known as snags), and select sites located high above the ground (Bull and Jackson 2011 , Wiebe and Moore 2017 . Snags are inherently unstable structures, often dangerous or difficult to access, which makes many cavities unreachable when located more than a few meters above the ground. Those cavities that can be directly accessed require the use of ladders, poles, or other systems for reaching the cavity entrances (e.g., Martin et al. 2004 , Jusino et al. 2014 , Lorenz et al. 2015 , Vierling et al. 2018 . Although these techniques afford a much richer assortment of information (including degree of excavation, internal cavity dimensions, and the opportunity to collect samples, band individuals, and monitor occupancy), they further compound the costs of time, funds, and experience required to obtain data.
Developing a safe, accurate, and rapid approach to remotely measure cavity entrance dimensions would benefit ecologists studying cavity-using communities. There have been no studies to our knowledge that explore tools that would allow for the measurement of such small features in inaccessible sites. Recent developments with laser-based approaches (i.e., Light Detection and Ranging [LIDAR] ) have expanded our ability to characterize forest structures and processes in new ways (e.g., Eitel et al. 2016) . Although multiple vegetation features can be detected with combinations of satellite imagery, airborne LIDAR, and terrestrial laser scanning (TLS), these tools are more appropriate at the plot, stand, or landscape scale (O'Neil et al. 2012) . With technology rapidly advancing the capabilities of field tools and techniques, we have identified handheld LIDAR as a cost-effective tool that may remotely determine cavity dimensions safely, quickly, and accurately. We believe that this approach may fill a gap in obtaining measurements for structures with small spatial extents (defined here as 1-100 cm), which are not detectable via satellite, airborne LIDAR, or TLS methods.
Our study goal was to test whether a handheld LIDAR device (Spike 1 ; IkeGPS 2018, Wellington, New Zealand) could be used to collect accurate data on cavity entrance dimensions across various conditions. Our specific objectives were to 1) determine the accuracy of the Spike device for measurement of cavity entrance dimensions as a function of size of the cavity entrance, distance from the tree, height of the cavity above the ground, and obliqueness of viewing angle (i.e., offset from cavity entrance azimuth); 2) model the factors that most influence measurement error; and 3) discuss the benefits and drawbacks associated with this tool.
STUDY AREA
For cavity experiments, we collected all measurements on a wooden logger climbing pole (55 cm in diameter, 19.7 m tall) at the University of Idaho Experimental Nursery in Moscow, Idaho, USA. We took all measurements in SeptemberOctober 2017.
METHODS

Manufacturer Specifications for the Spike Handheld LIDAR Device
The Spike device is manufactured by IkeGPS (2018) . It is a small Class 1 laser range-finder unit that attaches to the back of a smartphone or tablet computer. The device pairs with the phone or tablet via Bluetooth (Bluetooth Special Interest Group International, Bellevue, WA, USA) and is controlled through a mobile app ("Spike" by IkeGPS, available for iOS and Android platforms) to access the smartphone or tablet's camera, accelerometer, and Global Positioning System information. When a photo is taken of a target through the mobile app, it uses the laser-derived distance to the target to calculate lengths and areas within the photo, on a 2- Figure 1 . Experimental setup for testing the Spike device to measure cavity entrance dimensions at the University of Idaho Experimental Nursery in Moscow (ID, USA) during September-October 2017. For the "Dummy cavity entrance sizes" inset: SPECIES CODE refers to the 4 woodpecker species: pileated woodpecker (PIWO), northern flicker (NOFL), hairy woodpecker (HAWO), and downy woodpecker (DOWO). Dummy cavity entrance sizes were created based on averages for 2 dimensions/species: vertical diameter and horizontal diameter of cavity entrance (cm). Three sets of dummy cavity entrances were taped to a logger climbing pole. For each set, "Height" was centered between the HAWO and NOFL cavities. "Distance" refers to how far from the base of the pole photos were taken: standing 10 m, 20 m, and 30 m away. "Angle" refers to the obliqueness (in degrees) of the photographic view angle relative to the cavity: 08 angle (standing directly in front of the cavity entrances), standing at a 258 angle clockwise from azimuth, and standing at a 458 angle clockwise from azimuth. Note: figure not to scale. dimensional plane ( Figure S1 in Supporting Information). It has an internal lithium-ion battery charged via microUniversal Serial Bus, with an estimated battery life of 4 hr with continuous use. The manufacturer specifies that the accuracy of the range finder for the device is AE5 cm between 2 and 200 m, and accuracy of the photo measurements is AE1% of the object being measured. The minimum unit of measure for the Spike device is 1 cm. The Spike device was originally intended for architectural applications, measuring dimensions of large manmade structures such as industrial windows and building facades (IkeGPS 2018) . It is important to note that a clear line of sight to the target is required to get accurate distances and subsequent length and area measurements.
Cavity Characteristics
To test how well the Spike device could discern among cavity sizes, we created dummy cavity entrances in the form of ovals cut out of black felt that represented the average cavityentrance dimensions of 4 woodpecker species: downy woodpecker (Dryobates pubescens), hairy woodpecker (D. villosus), northern flicker (Colaptes auratus), and pileated woodpecker (Dryocopus pileatus; Fig. 1 ). We selected the range of cavity sizes to test the limits of the Spike device to differentiate between cavity entrance dimensions of these coexisting woodpecker species, with small downy woodpecker cavities at one end of the continuum and large pileated woodpecker cavities at the other (Martin et al. 2004 ; Fig. 1 ). We used a logger climbing pole as a dummy snag to establish 3 replicate sets of dummy cavities (in the form of the 4 felt ovals representing the differently sized cavity entrances), affixed to the pole with duct tape at 3 heights above ground, all in the same orientation. We set up an experimental design to test multiple interacting conditions: size of the target (i.e., size of the felt ovals), distance from target (standing 10 m, 20 m, and 30 m away), height of target (1 m, 10 m, and 15 m above the ground); and oblique viewing angle (standing at 08, 258, and 458 offset from target azimuth; Fig. 1 ). The vertical diameter of cavity entrances ranged from 3 cm to 12 cm, whereas the horizontal diameter of cavity entrances ranged from 3.5 cm to 8.5 cm (Fig. 1 ). For each combination of distance, height of target above ground, and viewing angle, we took 3 replicate Spike photos of the target cavity set and used the Spike mobile app to measure the vertical and horizontal diameters for each of the 4 dummy-cavity entrance sizes.
Data Analyses
We used Program R (Version 3.4.1, www.R-project.org, accessed 9 May 2018) and R Studio (Version 1.0.143, www. rstudio.com, accessed 9 May 2018) to conduct all statistical analyses. For each of the cavity sizes, we measured the vertical diameter of cavity entrance and horizontal diameter of cavity entrance using the Spike device and mobile app. We then calculated cavity entrance area as (vertical diameter/ 2) Â (horizontal diameter/2) Â p (Fig. 1) . We used these 3 cavity dimensions (vertical diameter, horizontal diameter, and entrance area) as response variables in 3 separate tests of analysis of variance (ANOVA) to determine whether Spike measurements of the 4 woodpecker cavity sizes were distinguishable from one another across all conditions.
To determine how variable conditions affected the accuracy of Spike measurements, we calculated error rates for vertical diameter of cavity entrance, horizontal diameter of cavity entrance, and cavity entrance area (difference of the Spike measurement minus the reference). This value (error) was used as the response variable in subsequent univariate analyses, where predictor variables included cavity size, distance from target, height of target above ground, and viewing angle. We used ANOVA followed by Tukey honestly significant difference (HSD) tests on all pairwise comparisons and obtained correlation coefficients for paired samples. We used generalized linear models from the stats package in R to model the error rates for the vertical diameter of cavity entrance, horizontal diameter of cavity entrance, and cavity entrance area as a function of 3 continuous variables (distance from target, height of target above ground, viewing angle) to test the possible interactions driving error rates across our cavity measurements. We tested 9 models: a null model, models with a single variable (distance only, height of target above ground only, viewing angle only), models with 2-way interactions (distance Â height of target above ground, distance Â viewing angle, viewing angle Â height of target above ground), an additive model that included all 3 variables with no interactions, and a global model with all 3 variables interacting. We ranked models by calculating the value of Akaike's Information Criterion corrected for small sample sizes (AIC c ), and Akaike weight (w i ) for each model (Anderson and Burnham 2002) . We included only models with DAIC <2. We set a ¼ 0.05 for all statistical tests.
RESULTS
Cavity Measures across Various Conditions
We measured 294 vertical diameters and horizontal diameters of cavity entrances across all combinations of distance, height, angle, and cavity size. For a small number of instances, repeated measures of combinations were limited because of discarded samples (inaccurate laser distances as a result of interference or missed targets at large distances). We found that the 4 individual cavity sizes were distinguishable Fig. 2 ). The average error for vertical diameter of cavity entrance was 0.7 AE 0.7 cm, with a significant increase in error positively correlated with height above ground. The average error for horizontal diameter of cavity entrance was 0.6 AE 0.5 cm, with a significant increase in error positively correlated with oblique viewing angle. The average error for cavity entrance area was 6.0 AE 6.2 cm 2 . Multiple models of the accuracy of Spike measurements showed that predictor variables influenced error rates differently by response variable (Table 3) . For vertical diameter of cavity entrance, the best model characterizing error rates included height of the target above ground and distance from target as parameters, with an interaction between these 2 factors. Error rates were positively associated with height of cavity above ground and distance individually, but interactions were negatively associated (Table 4) . For horizontal diameter of cavity entrance, the best model characterizing error rates was the global model, including all 3 variables as parameters, with all interactions between them. The obliqueness of the viewing angle appeared repeatedly as a significant variable across multiple interactions, suggesting error rates for horizontal diameter of cavity entrance were driven by oblique viewing angle (Table 4) . For cavity entrance area, the best model characterizing error rates included only oblique viewing angle as a parameter, with error rates positively associated with greater angles (Table 4) . size of woodpecker species: DOWO, downy woodpecker; HAWO, hairy woodpecker; NOFL, northern flicker; and PIWO, pileated woodpecker. c HEIGHT refers to height above ground at which we placed dummy cavity entrances on the pole: "Ground" (1 m), "Mid" (10 m), and "Canopy" (15 m). d DISTANCE refers to how far from the pole photos were taken: standing 10 m, 20 m, and 30 m away. e ANGLE refers to the obliqueness (in degrees) of the photographic view angle relative to the cavity entrance: "0 deg" (standing directly in front of the cavity entrance), "25 deg" (standing at a 258 angle clockwise from azimuth), and "45 deg" (standing at a 458 angle clockwise from azimuth).
DISCUSSION
We found that handheld LIDAR can be used to accurately characterize tree-cavity-entrance sizes. Under our experimental conditions, we found that the device could be used to discern among objects 3-12 cm in length from distances up to 30 m with errors of <1 cm on average (AE0.6 cm). These lengths corresponded to the average cavity entrance diameter measures for 4 different cavity excavators in the Pacific Northwest. Although there can be overlap in entrance sizes between different woodpecker species in the field, we chose to use the average sizes for this experimental approach. Error rates for Spike photo measurements increased with the severity of conditions, or combinations thereof, and could predominantly be explained by 2 underlying drivers: extreme perspective (vertical or horizontal foreshortening, defined as the shortening of length in an image where a severe angle distorts the perception of depth) and camera resolution. Errors in vertical diameter of cavity entrance were driven by a negative interaction between distance and height, creating extreme perspective (vertical foreshortening)-standing a short distance away from a target located high above ground predictably leads to underestimation of a vertical length (Fig. 2, top left plots) . Errors in horizontal diameter of cavity entrance were driven by extreme perspective (horizontal foreshortening)-standing at an extreme oblique viewing angle from target azimuth predictably leads to underestimation of horizontal length (Fig. 2, "45 deg" plots) .
Further, quality of a Spike photo is determined by the camera of the smartphone or tablet being used: pixel resolution, level of ambient or external light available, and visibility of all objects to be measured (e.g., visible edges of a cavity entrance) must be taken into account for successful subsequent measurements. Errors in both vertical and horizontal diameters of cavity entrance became more variable at larger distances due to resolution limits of the camera used; identifying cavity edges in a Spike photo taken from 30 m away became difficult because object boundaries blurred at Figure 2 . A series of scatterplots showing drivers of error for Spike measurements of horizontal diameter (x-axis) and vertical diameter (y-axis) of cavity entrances across experimental conditions at the University of Idaho Experimental Nursery in Moscow (ID, USA) during September-October 2017. Error refers to the difference, in centimeters, for the Spike value minus the known value of a given measurement. The black cross lines indicate an error of 0. These 27 scatterplots represent the full spectrum of combinations across experimental conditions: interactions between cavity height above ground ("Height"), distance from base ("Distance"), and obliqueness of viewing angle ("Angle") as drivers of error in Spike photos across 4 woodpecker cavity sizes. Please see Figure 1 for full experimental design. Table 3 . Support for generalized linear model selection based on Akaike's Information Criterion corrected for small sample sizes (AIC c ), explaining drivers of error in Spike measurements of dummy cavity entrances across 3 response variables: vertical diameter of cavity entrance, horizontal diameter of cavity entrance, and cavity entrance area. Measurements collected during September-October 2017 at the University of Idaho Experimental Nursery in Moscow, Idaho, USA. Please see Figure 1 for further clarification of experimental design. a "Height" refers to the height above ground at which we placed dummy cavity entrances on the pole; "Distance" refers to how far from the base of the pole photos were taken; "Angle" refers to the obliqueness (in degrees) of the photographic view angle, relative to the cavity entrance. Global models include all interactions across Height, Distance, and Angle.
Model
such distances. Blurring mainly led to overestimation for both vertical and horizontal diameters of cavity entrance, though underestimation occurred as well (Fig. 2, " 30 m" plots). Errors in cavity entrance area were greater than the other dimensions, likely due to the compounding nature of incorporating errors from both vertical diameter and horizontal diameter of cavity entrance into each area calculation.
We support the use of the Spike device for cavity measurements in the field, assuming the baseline conditions of clear line of sight and visibility can be met. For measurements of tree cavity entrance sizes <15 m in height, we suggest users stand within 30 m and at <258 oblique angle from the cavity entrance azimuth. We recommend avoiding instances where both types of extreme perspective biases occur (vertical and horizontal foreshortening), to enable the user to obtain an accurate metric for !1 of the 2 cavity dimensions. Although we used both vertical diameter and horizontal diameter of cavity entrance as dimensions, selecting only one to serve as an indicator of cavity size may be sufficient for field sites with dense vegetation or very high cavities.
Multiple remotely sensed tools assist in the characterization of wildlife habitats, and their use depends largely on the spatial scale and vegetation characteristics of interest. Airborne LIDAR can be used to characterize landscapescale patterns of structural information and coupled with satellite measurements to address a multitude of questions in wildlife studies (e.g., Vierling et al. 2008 , Martinuzzi et al. 2009 , Palminteri et al. 2012 , Davies and Asner 2014 , Hill and Hinsley 2015 . At finer spatial extents, TLS can be used to calculate tree height, diameter at breast height (DBH), and forest biomass from below the canopy at a plot level (Pirotti et al. 2012 , Kankare et al. 2013 , Kato et al. 2014 , Calders et al. 2015 . These systems have also been used to characterize fine-scale understory structure and characteristics in novel ways (Eitel et al. 2013 , Bright et al. 2016 . Spike differs from both airborne and TLS systems in that it is not generating a collection of laser points (i.e., a point cloud), but 1 point/photo, and extrapolating the distance of that point onto a 2-dimensional plane. We consider Spike to be a precision tool, better applied to focusing in on specific structures rather than characterizing large areas. In fact, use of Spike may dovetail nicely with TLS or other laser-based or drone-based surveys, with the user able to supplement a data set with Spike photos of cavity entrances or other inaccessible structures accurately and opportunistically.
The upfront requirements for implementation of the Spike device include purchasing the laser device, which costs <US$600, and downloading the mobile app, which is free. The Spike device is compact, lightweight, compatible with technology most people already have (smartphones and tablets), and has a long battery life, making it easy to employ in the field when needed. The Spike mobile app has a touchscreen interface, creates geo-referenced photo records for each sample (location accuracy AE 10 m, not rigorously tested here), and allows data uploads and storage in the cloud for easy online access (IkeGPS 2018). Web access provides records viewed as a map; post hoc measurements can be also be taken from each photo record and all data can be shared between multiple collaborators. Although smartphones and tablets without a Spike device can capture geo-referenced photos in the field, they cannot measure dimensions of structures within those photos without an external reference for scale. Thus, Spike serves as a novel tool for remote measurement that extends the capabilities of a typical smartphone for research.
Handheld LIDAR may add the most value in terms of time savings, by providing users safe, accurate, and rapid remote access to cavity entrance dimensions-metrics that were previously inaccessible or labor-and time-intensive to gather directly. Plus, as a noninvasive method of sampling, Spike could be safe for wildlife and other uses beyond the characterization of tree cavity entrances. The accuracy at small spatial scales (3-12 cm in length) suggests that tools like Spike could be applied to larger structures and obtain accurate results, proving useful for vegetation assessments, including the monitoring and measurement of additional habitat features. For instance, we found Spike to be accurate enough for opportunistic measures of tree DBH at distances 10-50 m away for isolated trees ranging from 11 to 113 cm in diameter, as compared against standard DBH tape measures (J. Stitt, unpublished data; n ¼ 103, r ¼ 0.98). This tool might be of use in situations where a tree cannot be measured directly, such as those actively being used for nesting or those that are difficult to access, but which have a clear line of sight to their base. We would also encourage explorations into the utility of Spike to assist in noninvasive measurements of a "Height" refers to the height above ground at which we placed dummy cavity entrances on the pole; "Distance" refers to how far from the base of the pole photos were taken; "Angle" refers to the obliqueness (in degrees) of the photographic view angle, relative to the cavity entrance. b We considered estimates significant if 95% CIs did not include 0.
animal morphology where applicable and useful (e.g., body size of megafauna or specific bird morphometrics).
Finally, as a handheld, portable, user-friendly device, Spike can also be a powerful tool for educational endeavors and science outreach, engaging both adults and children in novel ways of observing and measuring their surroundings with visual and interactive techniques. With collaborative efforts and citizen science approaches developing into valuable tools for natural resources management and conservation (e.g., Dickinson et al. 2012 , Sullivan et al. 2014 , Ellwood et al. 2017 , the use of Spike and other handheld LIDAR devices as instruments of investigation has potential future use to augment surveys, provide additional metrics noninvasively, and improve approaches to habitat quantification. With the rate at which these technologies continue to advance, Spike and future handheld LIDAR devices may herald the advent of powerful and practical tools to remotely investigate our world from the palm of our hand.
